Introduction
High strength steel sheets for automotive components have been developed with the aims of reducing auto body weight and enhancing crashworthiness. However, hydrogen embrittlement caused by intrusion of hydrogen into the material tends to degrade the mechanical properties of high strength steel sheets, as seen in deterioration of total elongation. [1] [2] [3] [4] [5] Since susceptibility to hydrogen embrittlement increases with material strength, hydrogen embrittlement of ultra-high strength steels with tensile strength of 1 180 MPa or higher is a concern even in atmospheric corrosion environments. [6] [7] [8] It is generally recognized that the origin of hydrogen embrittlement of steel is diffusible hydrogen, which can diffuse in bulk steel at room temperature. 9, 10) Because BCC metals like steel have lower solid solubility of hydrogen than FCC metals, most of the hydrogen atoms in steel are trapped at various lattice defects such as dislocations, 11) vacancies, 12, 13) precipitates, 14) and grain boundaries. 15) The binding energies of hydrogen trapped in each site are also different. Since the binding energy of diffusible hydrogen is also unique with respect to the trapping site, the desorption behavior of diffusible hydrogen depends on the trapping
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site, suggesting that the influence of hydrogen on steel embrittlement should change depending on the distribution of hydrogen trapped at various types of trapping site. Thus, separating and quantifying the influence of hydrogen at each trapping site on embrittlement are important for elucidating the hydrogen embrittlement phenomenon and appropriately evaluating hydrogen embrittlement resistance properties. However, direct identification of hydrogen trapping sites is difficult because hydrogen atoms are extremely small and easily escape from materials.
One candidate technique for indirect identification of hydrogen trapping sites is the temperature-programmed desorption method. Suzuki et al. applied the thermal desorption analysis (TDA) method to evaluate the amount of hydrogen in steel, 16) which was the first application of this technique in the field of hydrogen embrittlement of steel materials. The hydrogen desorption curve obtained by this method has several hydrogen desorption peaks because weakly-trapped hydrogen is desorbed at low temperature, whereas strongly-trapped hydrogen is desorbed at higher temperatures, depending on the binding energy with the site. Thus it is possible to identify the hydrogen trapping sites indirectly by separating the hydrogen desorption curve into the hydrogen evolution curves corresponding to each trapping site. [17] [18] [19] [20] Accurate measurement of the hydrogen desorption curve of the specimen material is essential for proper separation of the hydrogen desorption curve into the peaks of the respective trapping sites. When a large amount of the hydrogen is introduced into a steel sheet, part of diffusible hydrogen starts to desorb from trapping sites at temperatures below room temperature. Since hydrogen diffuses more readily at lower desorption temperatures, this hydrogen can contribute to embrittlement. On the other hand, conventional hydrogen analyzers measure hydrogen by temperature elevation beginning from room temperature, and are not capable of measuring hydrogen desorption that occurs at or below room temperature. Therefore, Takai et al. 18, 20) developed a temperature-programmed desorption device which enables temperature-programmed measurements from − 200°C (thermal desorption spectrometry starting from low temperature: L-TDS) and measured the hydrogen desorption behaviors around 0°C in steels with various amounts of solid solution carbon and in pure iron. As a result, the peaks of hydrogen trapped in dislocations and in vacancies were successfully separated. The hydrogen trapped at dislocations showed a hydrogen desorption peak below room temperature, while the hydrogen at vacancies showed a hydrogen desorption peak above room temperature. Those results demonstrate that L-TDS is a powerful technique for accurately analyzing hydrogen desorption peaks measured from low temperatures.
Although many studies have identified hydrogen trapping sites in tempered martensitic steels, 21) little research has been done on ferritic-martensitic dual-phase steel. Particularly in automotive steel sheets, it has been pointed out that the hydrogen trapping sites caused by strain introduced by forming processes have an enormous influence on hydrogen embrittlement properties. 7, 8) Thus, in order to accurately understand the hydrogen embrittlement behavior of ultrahigh strength steel sheets for automotive applications, it is necessary not only to evaluate the hydrogen trapping sites in the as-received microstructure, but also to elucidate the hydrogen trapping sites induced by the strain induced by forming.
Therefore, the purpose of this study is to identify the hydrogen trapping sites in as-manufactured and deformed ferritic-martensitic dual phase steels by using a device that can detect the hydrogen desorbed from room temperature or lower.
Experimental Method

Samples
The test specimens were tensile strength (TS) 1 180 MPa grade ferritic-martensitic dual-phase steel (DP steel), a ferrite single phase steel (α steel) and two types of tempered martensite single phase steel (M steel and M DP steel). The M steel was heated at 900°C for 30 min, then quenched in water and tempered at 600°C for 60 min. M DP steel samples with various kinds of carbides were obtained by controlling the tempering temperature, using a material with a C and Mn composition similar to that of the martensite phase dispersed in the DP steel. 22) The M DP steel was heated at 900°C for 30 min, then quenched in water and tempering at 200°C, 300°C or 400°C except for an as-quenched specimen. The chemical compositions and the SEM microstructures of the steels used in this study are shown in Table 1 and Fig. 1 , respectively. The as-quenched microstructure of the M DP steel is shown in Fig. 1 as a representative example of the M DP .
Strain was introduced in these specimens by unidirectional rolling at reduction ratios of 5% to 30%. The sample materials were then processed into sheet materials having a thickness of 1.0 mm, length of 150 mm and width of 100 mm. The reduction ratio of the M steel was limited to 20% due to the load capacity of the rolling mill, and strain was not introduced in the M DP steel. Table 2 shows the relationship between the rolling reduction ratio and the true strain applied to the materials. To confirm the thermal stability of the defects formed by the strain, an α steel sample with true strain of 0.26 was annealed at 200°C for 30 min in an Ar atmosphere. Each steel sheet was machined into a test specimen with a length of 25 mm, width of 10 mm and thickness of 0.3 mm, and hydrogen charging and hydrogen analysis were performed. The surface of the test specimens was as-ground. The specimen thickness of 0.3 mm was selected because the hydrogen desorption peak temperature is controlled by hydrogen desorption from the hydrogen trapping sites below this thickness. 23) 
Hydrogen Charging and Hydrogen Analysis Method
The specimens were charged with hydrogen by a cathodic hydrogen charging method using a (3 wt% NaCl and 3 wt% NH 4 SCN) aqueous solution. For the DP steel, M steel and α steel, the current density in cathodic hydrogen charging was 30 A/m 2 and the hydrogen charging time was 24 h. With the M DP steel, the current density was set to 1 A/m 2 to intentionally reduce the hydrogen content so as to trap hydrogen mainly at strong trapping sites, with the aim of clarifying the hydrogen desorption peak of trapping sites with strong binding energy with hydrogen. After hydrogen charging, the specimens were quickly immersed in liquid nitrogen to minimize hydrogen escape from the specimens before the analysis. The hydrogen contained in these specimens was analyzed by TDA.
The amount of hydrogen was measured by using gas chromatograph-type TDA equipment practicable from lower temperature (L-TDA). The measurement temperature range was set to − 50°C to 200°C, and the diffusible hydrogen amount was calculated as the integrated value of hydrogen detected at 200°C or lower. The heating rate was mainly set at 200°C/h. Using the DP steel, α steel, M steel and M DP steel tempered at 300°C, which were given true strain of 0.26, hydrogen desorption curves were obtained under the heating rates of 100°C/h and 50°C/h in addition to 200°C/h in order to calculate the activation energy of hydrogen desorption from the hydrogen trapping sites. Figure 2 shows the hydrogen desorption curves of the α steels with various strain levels. The hydrogen desorption peak temperatures described in this section were obtained at the heating rate of 200°C/h. Hydrogen desorption from the base material was detected from around − 15°C and showed its peak rate at around 35°C. (In the following, "base material" refers to material with no applied strain.) As strain increased, the hydrogen desorption rate near 35°C also increased, and a new hydrogen desorption peak due to strain appeared between 100°C and 150°C. The amount of diffusible hydrogen was 0.7 mass ppm (hereinafter, ppm) for the base material and 2.2 ppm for the material with 0.41 strain. Figure 3 shows the hydrogen desorption curves of the α steel with 0.26 strain which were obtained in order to investigate the heating rate dependency of the peak temperature. The hydrogen desorption peak temperature decreased as the heating rate decreased. Figure 4 shows the hydrogen desorption curves of the steel sheet with 0.26 strain after annealing and the as-strained material. Although there were slight differences in the peak temperatures and the curve shapes below the temperature of 110°C, no significant difference was observed between the curves of the annealed material and the as-strained material. In contrast, the hydrogen desorption peak exceeding 110°C disappeared after annealing at 200°C. This result indicates that the trapping site that desorbs hydrogen in the temperature range of 100°C to 150°C disappears as a result of annealing at 200°C.
Experimental Results
Influence of Strain and Heating Rate on Hydrogen Desorption Curve of Ferrite Single Phase Steel
Influence of Strain and Tempering Temperature on
Hydrogen Desorption Curve of Martensite Single Phase Steel Figure 5 shows the hydrogen desorption curves of the M steels with various amounts of strain. Similarly to the α steel, hydrogen desorption started at around − 15°C in the base M steel and showed its peak desorption rate at around 35°C. With increasing strain, the hydrogen desorption rate near 35°C increased and hydrogen desorption due to strain appeared in the temperature range of 100°C to 150°C. On the other hand, in the temperature range of 50°C to 100°C, a gentle decrease was observed in the desorption rate in the range over the hydrogen desorption peak temperature at around 35°C, and the curve shape was broad compared with the α steel. The amounts of diffusible hydrogen of the base material and steel with 0.26 strain were 2.2 ppm and 9.5 ppm under this hydrogen charging condition, and the hydrogen content of the M steel was larger than that of the α steel. This phenomenon is thought to be due to the fact the martensite structure contains a larger number of the hydrogen trapping sites such as dislocations than the α steel. Figure 6 shows the hydrogen desorption curves of the M DP steels with different tempering temperatures. Hydrogen desorption was detected from around − 15°C and showed the highest rate in the vicinity of 50°C. The amount of trapped hydrogen in the material tempered at 300°C was larger than that in the as-quenched material, but the amount in the material tempered at 400°C was on approximately the same level as the as-quenched material. Figure 7 shows the hydrogen desorption curves of the material tempered at 300°C, which contained the largest amount of trapped hydrogen. The heating rate was varied to investigate the heating rate dependency of the peak temperature. The hydrogen desorption peak temperature decreased as the heating rate decreased. Figure 8 shows the hydrogen desorption curves of the DP steels with various levels of applied strain. Hydrogen desorption of the base material started at around − 15°C and showed the highest rate near 30°C, which was similar to the behaviors of the α and M steels. In the strained materials, hydrogen desorption appeared in the temperature range of 100°C to 150°C, and the peak height of hydrogen desorption increased with increasing strain. These phenomena were similar to those observed in the α steel and the M steel. However, as strain increased, the hydrogen desorption peak temperature shifted from around 30°C to the higher temperature side, and the hydrogen desorption peak of the material with 0.41 strain increased to around 50°C, which was different from the α steel and M steel. The diffusible hydrogen content was 2.1 ppm for the base material and 7.1 ppm for the material with 0.41 strain.
Influence of Strain on Hydrogen Desorption Curve of Ferritic-Martensitic Dual-Phase Steel
Discussion
DP steels are considered to contain multiple hydrogen trapping sites, such as dislocations, atomic vacancies, carbides and others. As mentioned in the introduction, it is suggested that the influence of hydrogen on hydrogen embrittlement of steels is uniquely determined by the type of hydrogen trapping site. Therefore, accurate measurement of the amount of trapped hydrogen at each hydrogen trapping site is necessary. To achieve this, the hydrogen desorption curve should be separated into hydrogen desorption peaks corresponding to the trapping sites. In section 4, we attempt to separate the desorption peaks and clarify the type of each hydrogen trapping site. Since DP steel has a complex microstructure of ferrite and martensite, it is expected to have hydrogen trapping sites corresponding to peaks in both the ferrite and martensite phases. First, the hydrogen trapping sites of ferrite and martensite were identified, and based on the results, the hydrogen-trapping sites of DP steels were investigated.
Identification of Hydrogen Trapping Sites in
Strained Ferrite Single Phase Steel 4.1.1. Separation of Hydrogen Desorption Peaks Corresponding to Trapping Sites in Hydrogen Desorption Curve of Ferrite Single Phase Steel To clarify the types of hydrogen trapping sites and quantify the amount of hydrogen contained in the sites from the hydrogen desorption curve of the strained α steel, the peaks of the hydrogen desorption curve were separated by applying multiple functions of the Gaussian function given by the following Eq. (1). 24, 25) 
where, T pi is the peak temperature, a i is the maximum hydrogen desorption rate of the desorption curve and b i is the temperature range of the desorption curve. i means the i-th hydrogen trapping site.
First, Gaussian fitting was applied to the hydrogen desorption curve of the unstrained α steel in Fig. 2 . The obtained curve could be approximated to a single Gaussian function with a peak at 35°C. This approximated curve is defined as Peak 35°C. Next, T pi , a i and b i of the strained α steel were determined by applying Eq. (1) to the remainder curve obtained by subtracting the Peak 35°C curve from the measured curve of the strained material. Consequently, the hydrogen desorption peak temperature of the strained material over 50°C was considered to be 110°C (Peak 110°C). Figure 9 shows the hydrogen desorption curve observed in the α steel with 0.26 strain and the curve obtained numerically by the summation of Peak 35°C and Peak 110°C. The summation of Peak 35°C and Peak 110°C shows good agreement with the experimental values, indicating that the hydrogen desorption curve of the strained material is a superposition of these two curves. Table 3 shows the results when the Gaussian function parameters of these two hydrogen desorption curves (Peak 35°C and Peak 110°C) were determined for various α steels. Because the maximum hydrogen desorption rate at Peak 35°C increases with induced strain, Peak 35°C is considered to be a hydrogen trapping site which is increased by applied strain. On the other hand, since Peak 110°C appeared only in the strained specimens, Peak 110°C presumably corresponds to a hydrogen trapping site which is formed and increased by strain and does not exist before strain is applied.
Identification of Hydrogen Trapping Sites in Ferrite
Single Phase Steel The types of hydrogen trapping sites at Peak 35°C and Peak 110°C were discussed in section 4.1.1. Most of the hydrogen atoms were trapped at sites corresponding to Peak 35°C, and the amount of hydrogen increased with increasing strain. Because dislocations increased with increasing strain, Peak 35°C is considered to be a hydrogen desorption peak due to dislocations. The type of hydrogen trapping site can be estimated from the activation energy of hydrogen desorption corresponding to the trapping sites. [11] [12] [13] The activation energy of desorption from the hydrogen trapping sites was calculated by Eq. (2) proposed by Choo et al., 15) using the dependency of the heating rate on the peak temperature shown in Fig. 3 .
where, E b is the activation energy [kJ/mol] of hydrogen desorption from a hydrogen trapping site, φ is the heating rate [K/h], T p is the peak temperature [K] at the maximum hydrogen desorption rate and R is the gas constant. The calculated activation energy of desorption is shown in Fig. 10 . The activation energy of desorption from the trapping site corresponding to Peak 35°C was 30.1 kJ/mol. It almost coincided with the activation energy of hydrogen desorption from dislocations, which is reported as 20 to 30 kJ/mol. 11, 26, 27) From this result, it is concluded that Peak 35°C is the desorption peak of hydrogen trapped in dislocations. Next, the hydrogen trapping site corresponding to Peak 110°C is identified. In this study, Peak 110°C in the material with 0.26 strain disappeared after annealing at 200°C, as was shown in Fig. 4 , indicating that the trapping sites are extinguished by annealing at 200°C. It has been reported that vacancy clusters are extinguished by annealing at about 200°C. 20) In that report, Takai et al. performed a hydrogen analysis after a tensile test using pure iron under hydrogen charging, and obtained a hydrogen desorption peak near 110°C. It has been concluded that the hydrogen desorption peak at around 110°C represents the desorption of hydrogen trapped in vacancy clusters, because the positron lifetime component in the long time region measured by the positron annihilation method for the specimen and the positron lifetime of vacancy clusters formed by deformation after hydrogen charging of pure iron coincided. 28, 29) Based on that result, Peak 110°C in the present test is considered to represent desorption of hydrogen trapped in vacancy clusters introduced by deformation in the rolling process.
The activation energy for hydrogen desorption from the trapping site at Peak 110°C was determined to be 56.0 kJ/ mol, as shown in Fig. 10 . Myers et al. 12, 13) reported that the activation energy for deuterium escaping from vacancy clusters is 68 kJ/mol, which is higher than the energy obtained in this study. However, this difference is thought to be explained by the fact that Myers et al. analyzed vacancy clusters formed by ion irradiation, and the size of those clusters was different from that of the clusters formed by rolling in this study.
Grain boundaries are thought to be another type of hydrogen trapping site in steel. However, no clear hydrogen desorption peak which seemed to represent hydrogen desorbed from the grain boundary was observed in this study. It is assumed that this hydrogen could not be separated as a hydrogen desorption peak due to the relatively small amount of hydrogen trapped at the grain boundary in comparison with the large amounts of desorbed from dislocations and vacancy clusters, which may have "masked" hydrogen desorbed from the grain boundary.
Identification of Hydrogen Trapping Sites in Martensite Single Phase Steel
Effect of Tempering Temperature on Hydrogen
Desorption Curve of Martensite Single Phase Steel The hydrogen trapping sites of martensitic steels are considered to be dislocations, various boundaries in the martensite (prior γ austenite grain boundary, packet boundary, block boundary, lath boundary) 30, 31) and precipitated carbides in the case of tempered steels. First, the temperatures of the hydrogen desorption peaks and the corresponding hydrogen trapping sites will be identified in a martensitic steel (M DP steel) with a composition close to the martensite in the DP steel used in this study.
To clarify the types of hydrogen trapping sites and the amounts of hydrogen trapped at each site from the hydrogen desorption curve of the M DP steel, the hydrogen desorption peaks included in the measured desorption curves were identified by applying the summation of the Gaussian functions to the hydrogen desorption curve, as described in 4.1. The curve for the M DP steel tempered at 300°C, which displayed the largest amount of hydrogen desorption, was used for peak identification. First, Peak 35°C was separated from the measured curve, as martensite microstructures contain a large number of dislocations. Then, it was assumed that one other hydrogen desorption peak exists. The parameters of T pi , a i and b i in Eq. (1) for this peak were obtained after subtracting the Gaussian distribution curve of Peak 35°C. The results indicated that a hydrogen desorption peak at 54°C exists in the M DP steel tempered at 300°C. This peak is defined as Peak 54°C. The results of peak identification for the 300°C tempered M DP steels are shown in Fig. 11 , and the fitting parameters of the Gaussian function fitting with respect to the hydrogen desorption peaks are shown in Table 4 .
Here, the hydrogen trapping site represented by Peak 54°C will be considered. In Fig. 6 , the amount of hydrogen increases with increase of tempering temperature up to 300°C, but then decreases at 400°C. This means that Peak 54°C corresponds to the hydrogen trapping site depending on the tempering temperature. Newman et al. 32) and Sakamoto et al. 33) investigated the effect of the tempering temperature of martensitic steel on hydrogen diffusion and showed that the amount of trapped hydrogen has its maximum value at the tempering temperature of 300°C. The reason for this is as follows: The interface area between carbides and the matrix increases as the number of carbides increases during tempering up to 300°C, but in tempering over 300°C, the interface area decreases due to coarsening of the carbides at higher temperatures, and as a result, the amount of trapped hydrogen also decreases. Based on this conclusion, Peak 54°C is considered to be a hydrogen desorption peak of hydrogen trapped at the interface between carbides and the matrix. Prior γ grain boundaries, packet boundaries and block boundaries are also conceivable hydrogen trapping sites, but it is thought that the hydrogen desorption peaks corresponding to those trapping sites could not be clearly separated from the measured curves because the amount of hydrogen at those sites was smaller than that at dislocations and carbides. It is suggested that the hydrogen trapping sites of martensite tempered at 300°C are dislocations and carbides. Furthermore, in the hydrogen desorption curves measured at different heating rates, shown in Fig. 7 , Peak 54°C was separated from the measured curves at each heating rate. The activation energy for desorption of hydrogen from the carbide/matrix interface was determined by using the shift of the peak temperature of Peak 54°C by the same procedure as described in 4.1.2. Consequently, the activation energy of hydrogen on the carbide interface was 41.5 kJ/mol.
Identification of Hydrogen Trapping Sites in
Strained Martensitic Steel The hydrogen desorption curve of the strained martensite steel (M steel) was deconvoluted (separated) into peaks corresponding to the respective hydrogen trapping sites. The hydrogen desorption peaks applied to peak separation were Peak 35°C (dislocation), Peak 54°C (carbide interface) and Peak 110°C (vacancy cluster). As an example, Fig.  12(a) shows the result for the steel with 0.26 strain. In the summation of the three peaks at 35°C, 54°C and 110°C, a discrepancy between the experimental hydrogen desorption curve and the fitted curve using the Gaussian functions was seen in the temperature range from 50°C to 110°C. Therefore, in order to reconstruct the experimental hydrogen desorption curve, one more hydrogen desorption peak was added to Peaks 35°C, 54°C and 110°C, as shown in Fig.  12(b) . Table 5 shows the Gaussian function parameters used to separate the hydrogen desorption peak of the steel with 0.26 strain shown in Fig. 12(b) . From these results, it is inferred that a hydrogen desorption peak having a maximum desorption rate temperature of 75°C exists in the hydrogen desorption curve of the strained martensitic steel. This peak was defined as Peak 75°C and existed in the M steels with or without pre-strain. Thus, these results indicated that a certain hydrogen trapping site, in addition to dislocations, carbides and vacancy clusters, exists in the M steel with the martensitic structure.
The hydrogen trapping site represented by Peak 75°C of the M steel is discussed in the following. Peak 75°C was observed in the M steel but not in the M DP steel, although both materials have martensitic microstructures. The dominant difference between the heat treatment conditions of the M steel and the M DP steel is the tempering temperature. In the M steel, the hydrogen trapping site corresponding to Peak 75°C is presumed either to be newly formed or to have begun to function due to the high tempering temperature of 600°C. In addition to dislocations, carbides and vacancy clusters, various types of boundaries, i.e., prior γ grain boundaries, packet boundaries, block boundaries and lath boundaries, are conceivable as hydrogen trapping sites. In the as-quenched condition or with tempering below 400°C, the hydrogen trapping capacity at those boundaries would be reduced due to the segregation of carbon atoms (C) at those boundaries. However, the amount of C segregated at the boundaries during tempering at 600°C decreases due to the precipitation of carbides. It is suggested that the boundaries with less C segregation works as a new hydrogen trapping site. In other words, the hydrogen trapping sites of the strained martensitic steel are dislocations, carbides, vacancy clusters and various boundaries.
Identification of Hydrogen Trapping Sites in Strained Ferritic-Martensitic Dual-Phase Steel
Peak Identification in Strained Ferritic-Martensitic
Dual-Phase Steel Because DP steels are considered to have the hydrogen trapping sites associated with both the ferrite and the martensite microstructures, as described above, it is assumed that the hydrogen desorption curve of the DP steel will also include peaks corresponding to the hydrogen trapping sites of the α steel and the M steel. Therefore, the measured hydrogen desorption curve was separated into the peaks of each trapping site. The Gaussian function parameters applied for peak separation were identical to those of the α steel and M steel. Although the temperature at the highest hydrogen desorption rate of the base DP steel was about 30°C, it may be noted there was almost no effect on the results of the peak separation analysis depending on whether the peak temperature of hydrogen desorption from dislocations was 30°C or 35°C. Therefore, in order to simplify the discussion, 35°C was used as the peak temperature for hydrogen desorption from dislocations of the base material.
As one example, Fig. 13 shows the result of peak separation of the hydrogen desorption curve for the DP steel with 0.26 strain. The parameters of respective hydrogen desorption peaks for the Gaussian fitting are shown in Table  5 . Considering the fact that the experimental hydrogen desorption curve of the DP steel could be reconstructed by the summation of the four Gaussian functions, the hydrogen trapping sites of the strained DP steel were shown to be the same types as those of the strained ferritic steel and the martensitic steel. Unlike the α steel and M steel in Fig. 8 , DP steels have the characteristic feature that the maximum desorption temperature shifts from 35°C to 50°C or higher as a result of rolling. It is conjectured that rolling increases the number of trapping sites which desorb hydrogen at high temperature, and this type of site corresponds to the hydrogen trapping site represented by Peak 75°C.
Identification of Hydrogen Trapping Site at Peak
75°C in Ferritic-Martensitic Dual-Phase Steel To investigate the type of the hydrogen trapping site represented by Peak 75°C of the DP steel, the influence of the amount of strain on the hydrogen content trapped at each hydrogen desorption peak was investigated. Figure 14 shows the ratio of the amount of hydrogen trapped at each site to the total hydrogen in DP steels with various amounts of strain. For example, when all the hydrogen is trapped at Peak 35°C, the ratio of Peak 35°C is indicated as 100%. As the strain increased, the ratio of Peak 35°C decreased and the ratios of Peak 75°C and Peak 110°C increased, whereas the ratio of Peak 54°C did not change obviously. It may also be noted that the absolute value of the amount of hydrogen trapped at the Peak 35°C trapping site increased, but the hydrogen occupancy ratio of the Peak 35°C decreased with increasing strain. This is due to an increase in the ratios of hydrogen trapped at stronger trapping sites than dislocations, resulting in a relative decrease in the hydrogen occupancy ratio at Peak 35°C. Finally, Peak 75°C will be discussed. From Fig. 14, in the M steel, the proportion of hydrogen trapped at the site corresponding to Peak 75°C increased slightly with increasing strain but did not change remarkably. In contrast, in the DP steel, the proportion of hydrogen analyzed as Peak 75°C increased greatly with 0.06 strain, and the DP steel with strain exceeding 0.06 showed a higher hydrogen occupancy ratio than the M steel. As in the case of the M steel, the conceivable trapping sites which are increased by rolling the DP steel are the prior γ grain boundary, packet boundary, lath boundary and block boundary. However, if these are the main trapping sites, it is impossible to explain the rapid increase in the hydrogen occupancy ratio at Peak 75°C in the DP steel, because the ratio of Peak 75°C should show the same increasing tendency in both the DP steel and the M steel. In view of these differences, it is suggested that the trapping site for Peak 75°C of the DP steel is different from that for Peak 75°C of the M steel.
The ferritic-martensitic interface is thought to be a unique hydrogen trapping site in DP steels. Figure 15 shows the influence of strain on the ferritic-martensitic interface area. Figures 15(a) and 15(c) show image quality (IQ) maps obtained by the electron back scattering diffraction (EBSD) method for the DP microstructure before and after strain, respectively. The ferrite phase is shown in white, and the remainder of the images is martensite. Using this contrast difference, these images were binarized by image process-ing, as shown in (b) and (d), and the line lengths along the ferritic-martensitic texture interfaces of the unstrained and strained materials were measured. Consequently, it was found that the line length of the ferritic-martensitic structure interface was 585 μm in the unstrained base material and 655 μm after strain of 0.06. In other words, the interface area was increased by applying 0.06 strain. This indicates that the hydrogen trapping site corresponding to the Peak 75°C of the DP steel is mainly the ferritic-martensitic interface. The fact that the highest hydrogen desorption rate temperature is identical at the interface in the martensite structure and at the ferrite-martensite interface suggests that the hydrogen binding energies are approximately the same at both trapping sites. Figure 16 shows the effect of the heating rate on the Peak 75°C. Peak 75°C was extracted from the hydrogen desorption curves by peak separation. Based on the heating rate dependency of Peak 75°C, the hydrogen desorption activation energy of the trapping site was estimated by the same procedure as in Fig. 10 by using Eq. (2), and resulting the activation energy was 46.7 kJ/mol.
Conclusion
In order to evaluate appropriately the hydrogen embrittlement resistance of steels, the hydrogen trapping sites in asmanufactured DP steel and strained steels were identified by hydrogen desorption analysis and the peak separation technique. Hydrogen desorption curves were obtained by using a device which enables temperature-programmed analysis of hydrogen desorption from temperatures at or below room temperature. This research clarified the following points.
(1) The hydrogen desorption curve of the strained ferritic steel was composed of Peak 35°C and Peak 110°C, which indicate hydrogen desorption peaks at around 35°C and 110°C, respectively. An analysis of the strain-and temperature-related behavior of hydrogen desorption indicated that Peak 35°C represents desorption from dislocations, while Peak 110°C represents desorption from vacancy clusters. The activation energy for desorption of hydrogen trapped in a dislocation was estimated to be 30.1 kJ/mol, and that for desorption from a vacancy cluster was estimated to be 56.0 kJ/mol.
(2) In the martensitic steel tempered at 300°C, the appearance of Peak 54°C, which indicates a hydrogen desorption peak temperature at around 54°C, was confirmed in addition to Peak 35°C. The hydrogen trapping site corresponding to Peak 54°C was considered to be the carbidemartensite interface. The activation energy of hydrogen desorption from the carbide-martensite interface was estimated to be 41.5 kJ/mol.
(3) In the strained martensite steel, the appearance of a hydrogen trapping site with a hydrogen desorption peak temperature of around 75°C is suggested in addition to the peaks corresponding to dislocations, carbides and vacancy clusters. The peak around 75°C was considered to represent trapping sites at the interfaces of various types of boundaries (prior γ grain boundary, packet boundary, block boundary, lath boundary) in the martensite structure.
(4) The strained DP steel is considered to contain four kinds of hydrogen desorption peaks, Peak 35°C, Peak 54°C, Peak 75°C and Peak 110°C. The hydrogen desorption peak at around 75°C was assigned to the prior γ grain boundary, packet boundary, block boundary, lath boundary and ferritic-martensitic interface. The activation energy of hydrogen desorption at Peak 75°C was estimated to be 46.7 kJ/mol.
